1. Introduction {#sec0005}
===============

In both colorectal cancer and inflammatory bowel disease, effective, orally administered therapies represent the ideal route of drug delivery due to ease of administration and patient preference. Particularly in the case of immunomodulatory therapies, however, poor bioavailability and degradation by gastrointestinal enzymes prevents such administration from being more widely utilized. Additionally, noninvasively yet accurately imaging both gastrointestinal cancers and inflammatory bowel disease has proven difficult due to issues with resolution and reliance on grossly detectable differences in tissue density and vascularity.

The development of micro- and nano-based carriers over the last twenty years represents an exciting mechanism to overcome these obstacles. Several studies have demonstrated the potential utility of orally administered therapeutic particles for treatment gastrointestinal (GI) diseases. \[[@bib0005], [@bib0010], [@bib0015], [@bib0020], [@bib0025]\] While these molecules demonstrate mucoadhesive properties, which allow their binding to and uptake by the intestinal mucosa before subsequent trafficking to the mesenteric lymph nodes \[[@bib0005]\], as well as stability in a variety of physiologic environments \[[@bib0010], [@bib0015], [@bib0020], [@bib0025], [@bib0030], [@bib0035], [@bib0040], [@bib0045]\], it is essential to track the biodistribution of these delivery vehicles within the gastrointestinal tract in a longitudinal manner to progress these treatments into clinical trials. As previous studies have demonstrated, novel imaging modalities have provided important insight into understanding the trafficking and behavioral characteristics of these agents *in vivo*, including their durability and content (i.e. drug) delivery to target tissues. \[[@bib0050], [@bib0055], [@bib0060], [@bib0065], [@bib0070]\] Understanding the time course of particle uptake and localization could facilitate rational therapeutic applications and dosing schema in human subjects.

Multispectral optoacoustic tomography (MSOT) has recently emerged as a high resolution, non-invasive *in vivo* imaging modality. To date, optoacoustic imaging has largely identified solid tumors, namely melanoma, breast cancer, and pancreatic ductal adenocarcinoma, and various aspects of vascularity. \[[@bib0075], [@bib0080], [@bib0085], [@bib0090], [@bib0095], [@bib0100], [@bib0105]\] As MSOT does not require exposure to radiation and nephrotoxic contrast agents, it represents a significant improvement in resolution compared to conventional imaging modalities (e.g. computed tomography (CT), magnetic resonance imaging (MRI), ultrasound (U/S)) heightening its appeal as a tool for diagnosis and monitoring of various pathologies. While optoacoustic imaging has been utilized to track biodistribution of nanoparticles injected iv in the context of various cancers \[[@bib0070],[@bib0110], [@bib0115], [@bib0120], [@bib0125]\], unlike other solid organs, accurately imaging the gastrointestinal tract using MSOT has proven difficult owing to the motility of the small bowel and colon in conjunction with motion artifact introduced by murine respiration.

Our group has worked extensively with biodegradable polylactic acid particles for use in both intravenous and oral immunotherapy delivery. \[[@bib0005], [@bib0010], [@bib0015], [@bib0020], [@bib0025], [@bib0030],[@bib0040],[@bib0130]\] Furthermore, we have recently described high resolution imaging of the gastrointestinal tract using MSOT \[[@bib0135]\]. This study aimed to evaluate the biodistribution and longitudinally track particle uptake through the murine GI tract *in vivo* after oral administration.

2. Methods {#sec0010}
==========

2.1. Orally delivered particles {#sec0015}
-------------------------------

Polylactic acid particles containing either bovine serum albumin (BSA), BSA conjugated to AlexaFluor 680 dye, or BSA conjugated to AlexaFluor 594 dye were synthesized using a PIN as described previously. \[[@bib0010]\] Briefly, BSA (Sigma Chemical Co., St. Louis, MO) or BSA-AF680 and PLA (Mr 24,000 and Mr 2000; 1:1 (w/w)\], Birmingham Polymers, Inc, Birmingham, AL) were suspended in methylene chloride (Fisher Scientific, Hampton, NH) before being quickly poured into petroleum ether (Fisher) in order to form particles. After formation, solvent was removed by particle filtration and lyophilization overnight. Polylactic acid particles containing BSA-AF680 were diluted in Milli-Q water and characterized using dynamic light scattering and transmission electron microscopy. Multiple batches of particles were constructed to compare the repeatability of particle construction. Additionally, optical density of particles was measured using a spectrophotometer prior to drawing them into the gavage needle as well as after the particles were expelled from the needle. As less than 0.0001 change in OD was observed, we determined that the particles easily passed through at 24 gauge oral gavage needle. The encapsulation efficiencies for the BSA, BSA-AF680, or BSA-AF594 were extrapolated from the measurements of total protein encapsulated into the particles.

2.2. Signal assessment ex vivo in tissue phantoms {#sec0020}
-------------------------------------------------

To assess the ability of MSOT to detect AF-680 containing particles (hereafter PLA-BSA-AF680), PLA-BSA-AF680 was added to tissue phantoms designed to simulate optical properties of murine tissue. The tissue phantom was constructed by following procedures: Fixed cylindrical phantoms of 2 cm diameter were prepared using a gel made from distilled water containing Agar (Sigma Aldrich, St. Louis, MO, USA) for jellification (1.3% w/w) and an intralipid 20% emulsion (Sigma Aldrich, St. Louis, MO, USA) for light diffusion (6% v/v), resulting in a gel presenting a reduced scattering coefficient of μ^\'s^ ≈ 10 cm^−1^. Blank PLA particles, PLA-BSA-AF60, or BSA-AF680 samples were inserted into cylindrical inclusions approximately 3 mm diameter. The gel used to construct the tissue phantom was used to seal the samples in the appropriate well prior to MSOT imaging

MSOT imaging of the phantoms was done at a single position located approximately in the middle of the phantom. Data acquisition was performed at wavelengths of 680, 710, 730, 740, 760, 770, 780, 800, 850, 900 nm, using 10 averages per wavelength resulting in 1 s acquisition time per wavelength. Signal was measured using a Region of Interest method from MSOT images. Data obtained in MSOT arbitrary units (a.u.) was statistically compared using ANOVA.

2.3. Mice and particle delivery {#sec0025}
-------------------------------

Balb/c mice were placed on a low anthacyanin, casein-based diet for 48--72 h prior to particle administration. They were then orally gavaged with and equal admixture of PLA-BSA-AF680 (10 μg AF680-BSA/1 mg particles) and PLA-BSA-AF594 (10 μg AF594-BSA/1 mg particles) suspended in phosphate buffered saline (PBS) or an equal admixture of naked AF680-BSA (hereafter BSA-AF680) and AF-594-BSA (hereafter BSA-AF594) suspended in PBS. This was done to allow for particle visualization using both MSOT and fluorescent microscopy, as AF680 was detectable by MSOT but not fluorescence microscopy at our institution, and AF594 was detectable by fluorescence microscopy but not MSOT. Mice each received a total of 5 mg of PLA-BSA-AF680 + 5 mg PLA-BSA-AF594 in 100 μL PBS or 50 μg BSA-AF680 + 50 μg BSA-AF594 suspended in 100 μL PBS. After hair removal using Nair with aloe (Church & Dwight Co., Inc., New Jersey, USA), mice were imaged using multispectral optoacoustic tomography.

2.4. Multispectral optoacoustic tomography {#sec0030}
------------------------------------------

Multispectral optoacoustic tomographic (MSOT) imaging was performed as previously described. Briefly, after anesthesia with 1.6% isofluorane, mice were prepared for imaging using a combination of manual shaving and Nair cream with aloe (Church and Dwight Co., Princeton, NJ, USA) \[[@bib0140]\]. Mice were subsequently imaged using the MSOT system InVision TF 256 (iThera Medical, Munich, Germany) using wavelengths of 680, 710, 730, 740, 760, 770, 780, 800, 850, and 900 nm with 25 averages per wavelength and an acquisition time of 10 μs per frame. The water temperature was 35 °C within the instrument during acquisition.

2.5. MSOT image reconstruction and analysis {#sec0035}
-------------------------------------------

Raw data obtained with MSOT was reconstructed with multispectral analysis performed as previously described \[[@bib0095],[@bib0145]\]. Spectral analysis was performed at wavelengths corresponding to deoxy-hemoglobin and BSA-680. Reconstruction was conducted using backprojection at a resolution of 75 μm using ViewMSOT software version 3.5 (iThera Medical, Munich, Germany). The Multispectral Processing was conducted using Linear Regression with ViewMSOT 3.5, where known molar absorptivity spectra (e.g. for oxy-hemoglobin, deoxy-hemoglobin, and nanoparticle) are used to model the relationship between chromophore concentration and MSOT signal over a range of wavelengths. The approach assumes knowledge about all absorbers present in the imaged tissue in order to correctly attribute contributions from the different wavelengths to the unmixed component images\[[@bib0150]\]. In order to ensure comparability among data sets, the reconstruction parameters (field of view, speed of sound, pixel size, and the high/low pass filters) and spectral unmixing parameters were consistently applied to all data. Spectral unmixing was performed in the absence of correction for fluence heterogeneities and attenuation as a function of tissue depth including spectral coloring. The location of organs was identified based upon vascular pattern. In addition, a region of interest (ROI) method was applied to determine signal strength in the liver, small bowel, colon, spleen, and mesenteric lymph nodes (MLN) of mice acquired at 1 min, 1 h, 6 h, 12 h, 24 h, and 48 h post-gavage using ViewMSOT software and reported as MSOT a.u. The ROI was manually created with an ellipse drawing tool using the deoxy-hemoglobin spectrally unmixed component as a guide for organ location. The ROI area was kept constant for all image slices 3.5 mm^2^, thus creating a non-uniform elliptical prism volume of interest (VOI). The mean pixel intensity per cross-section in the VOI for the spectrally unmixed injected agent (BSA-680) was plotted as MSOT signal vs. position to assess the particle location. The maximal 'mean signal per cross-section' in the volume was used as a quantitative indicator of particle trafficking. Since optoacoustic signals using the detection geometry of this system are subject to out-of-plane contributions, this method was used to find the center of signal intensity and minimize variability from out-of-plane artifacts. The capacity of this optoacoustic system to deliver semi-quantitative data reflective of relative probe accumulation *in vivo* in murine models using the aforementioned reconstruction and multispectral unmixing methods was previously established. \[[@bib0155],[@bib0160]\] The MSOT a.u. values for the particle containing BSA-680 were compared using SAS 9.3 (Cary, NC, USA).

2.6. Organ histology and microscopy {#sec0040}
-----------------------------------

After imaging, mice were euthanized and abdominal organs were embedded in paraffin and sectioned at 6 μm thickness, and stained with hematoxylin and eosin (H&E) for evaluation using fluorescence microscopy. Images were acquired using both conventional white light and fluorescence lamps. MSOT images were correlated with fluorescence microscopy images to determine accuracy of MSOT based particle localization. For an experimental schematic, please see [Fig. 1](#fig0005){ref-type="fig"}.Fig. 1Experimental Schematic for mouse experiments.Fig. 1

3. Results {#sec0045}
==========

PLA particles were characterized as to size, polydispersity index, and ability to encapsulate BSA-680. As is characteristic of the discrepancy between TEM and DLS particle sizing, PLA particles averaged 33 nm using TEM and 46 nm using DLS ([Figs. 2](#fig0010){ref-type="fig"}A-B). The generation of 3 batches of PLA-BSA-680 particles also resulted in similar sizing results along with similar polydispersity index of 0.11-0.14 ([Fig. 2](#fig0010){ref-type="fig"}C). Further comparison of the spectral signature of AF-680 and BSA-680 indicated very little spectral differences ([Fig. 2](#fig0010){ref-type="fig"}D). Assessment of particles in agar and intralipid tissue phantoms demonstrated that blank PLA particles produced no signal at any excitation wavelength ([Fig. 3](#fig0015){ref-type="fig"}). PLA-BSA-AF680 produced MSOT signal with intensity 32 MSOT a.u. This was slightly less intense than but otherwise similar to the signal produced by AF680 of 38 MSOT a.u. ([Fig. 3](#fig0015){ref-type="fig"}).Fig. 2Characterization of the PLA-BSA-680 nanoparticles. A) Transmission electron micrograph (TEM) images with an average particle size of 33 ± 12 nm. **B)** Dynamic light scattering **(**DLS) of the PLA particles resulted in an average size of 44 nm. **C)** Polydispersity Index (PDI) shows narrow polydispersed distribution as the PDI ranged from 0.12-0.135 over the course of 3 batches of particles evaluated. **D**) Spectral absorption was determined of AF-680, BSA-680, and PLA-BSA-680 which demonstrated a high degree of similarity.Fig. 2Fig. 3Evaluation of optoacoustic signal within tissue phantoms of AF-680, PLA only, and PLA-BSA-AF680. (**A**) MSOT signal of AF-680, particles only, and particle-encapsulated AF-680 was determined using the spectral signature in [Fig. 2](#fig0010){ref-type="fig"}D in tissue phantoms clearly differs from particles alone. (**B**) Uptake of BSA-680 within the PLA particles was demonstrated by similarities of signal intensity between AF-680 and PLA-BSA-680 within tissue phantoms. Both AF-680 and PLA-BSA-680 had significantly higher signal (p \< 0.05) than PLA only or empty.Fig. 3

In *in vivo* studies, mice treated with PLA- BSA-AF680 exhibited MSOT signal in the wall of the small bowel at starting at 1 h after gavage up through 24 h after gavage, in the wall of the colon at 6, 12, and 24 h, in the MLN 12 and 24 h, and in the limited signal in the spleen 48 h. No signal was detected in the liver. Maximum signal post-gavage was noted in the wall of the small bowel at 6 h, colon at 24 h, and MLN at 48 h ([Fig. 4](#fig0020){ref-type="fig"}). [Fig. 5](#fig0025){ref-type="fig"} demonstrate the signal noted in each respective organ at 24 h after gavage. Intralumenal and intraepithelial signal were differentiated through overlay of AF-680 signal on deoxyhemoglobin signal. Mean MSOT signal intensity in target organs at each timepoint corresponded with the visualized signal intensity (e.g. 24 h, [Fig. 5](#fig0025){ref-type="fig"}). Additional secondary confirmation of PLA-BSA-AF680 signal or BSA-AF680 alone was observed in ex vivo organs, liver, spleen and intestine using near infrared fluorescent imaging after 6 h post gavage (Sup [Fig. 2](#fig0010){ref-type="fig"}).Fig. 4MSOT signal in gastrointestinal organs after oral gavage of either PLA-BSA-AF680 particles or BSA-AF680 alone. (Top) MSOT imaging demonstrates nanoparticle localization and uptake in the proximal small bowel (PSB), distal small bowel (DSB), proximal colon (PC), and mesenteric lymph node (ML) over the course of 48 h as indicated using arrows. (Bottom) BSA-AF680 was undetectable after 1 h post gavage. Areas of the small bowel, colon, and mesenteric lymph node are circled in the BSA-AF680 treated image. Deoxy-hemoglobin is shown in blue and BSA-AF680 in the hot color bar. All mouse images were equalized to the same intensity scale bar.Fig. 4Fig. 5Mean MSOT signal intensity correlates with particle localization. Data shown here reflects mean MSOT signal intensity of PLA-BSA-680 or BSA-AF680 in colon, small bowel, and MLN 24 h after gavage. Region of interest was determined using a 3.5 mm^2^ elliptical region on the assigned area of small intestine, colon, or MLN using View MSOT 3.5. Significantly higher levels of BSA-AF680 were observed in mice that received it via PLA particles than BSA-AF680 alone (p \< 0.001).Fig. 5

Compared to mice gavaged with PLA-BSA-AF680, those gavaged with BSA-AF680 demonstrated similar a much shorter duration of signal visibility on MSOT with very little signal detected after 1 h ([Fig. 4](#fig0020){ref-type="fig"}), no signal detected after 6 h (Sup [Fig. 2](#fig0010){ref-type="fig"}), and decreased signal in target tissues. BSA-AF680 was detected immediately following gavage (data not shown) and progressed through the lumen of the gastrointestinal tract with minimal signal noted in the wall of the small bowel and colon at 1 h post gavage and no signal noted in the spleen or liver. BSA-AF680 was not detected by the 6 h timepoint or thereafter.

Particle localization on MSOT correlated well with findings on fluorescence microscopy, which demonstrated particle localization in organs identified on MSOT at each given timepoint (e.g. 24 h, [Fig. 6](#fig0030){ref-type="fig"}). Specifically, particle uptake was visualized at the apical aspect of epithelial cells in the small bowel and colon and in the MLNs. BSA-AF680 was visualized around splenic sinusoids at the timepoints when signal was observed on MSOT.Fig. 6Histologic visualization of PLA-BSA-AF594. (A--C) demonstrates proximal colon 24 h after oral gavage with PLA-BSA-AF594 (20x), with (C) showing an overlay of particles (red) on intestinal epithelium (green). (D--F) demonstrates small bowel 24 h after oral gavage with particles containing AF-680 (20x), with (F) again showing an overlay of particles (red) on intestinal epithelium (green). Additional images of other organs is located in Supplemental [Fig. 3](#fig0015){ref-type="fig"}.Fig. 6

4. Discussion {#sec0050}
=============

Here, we describe high-resolution imaging of the murine gastrointestinal tract and histologically correlated, site-specific uptake of poly-lactic acid particles by cells in tissues along the gastrointestinal tract. To our knowledge, this represents the first description of such high resolution MSOT imaging of the murine gastrointestinal tract, specifically that which allows for tracking of orally delivered particles.

To date, high resolution gastrointestinal imaging using MSOT has proven challenging due to a combination of 1) intrinsic gastrointestinal motility, 2) lack of fixed organ position within the abdomen, 3) motion artifact conferred by respiration, and 4) artefactual signal produced by anthacyanins in murine food. Ensuring an adequate level of anesthesia, utilizing a casein-based, low-anthacyanin diet, and, most importantly, acquiring 25 averages per wavelength proved critical to enabling detection of organ specific particle localization in our studies. These techniques have also enabled us to image colitis in a murine model with detection of both general areas of inflammation/hypervascularity and individual blood vessels.\[[@bib0135]\]

In addition to the MSOT imaging protocol, the mucoadhesive properties of the PLA particles facilitated organ identification and histologic correlation with MSOT imaging. While much of the gavaged fluid-particle mixture passes through the gastrointestinal tract, mucoadhesion enables some of the particles to be retained and taken up by absorptive tissues. The mechanism of uptake remains unclear, but likely occurs via phagocytosis given the size of the particles (46 nm average diameter). The importance of mucosal adhesion is illustrated in comparing BSA-AF680 to PLA-BSA-AF680. The former passes through the GI tract with minimal absorption, with the small amount of absorption that occurs likely mediated by pinocytosis or passive transport with water uptake. Meanwhile, the latter demonstrates discrete uptake and strong signal on both MSOT ([Fig. 4](#fig0020){ref-type="fig"}) and histology ([Fig. 6](#fig0030){ref-type="fig"}).

Indeed, this correlates well with our previous findings that MSOT can reliably detect individual microparticles as small as 75 μm in diameter. \[[@bib0055]\] Together, the ability of MSOT to detect such small particles as well as its ability to detect fluorophores or other fluorescent contrast agents of various wavelengths present numerous opportunities for clinical imaging applications within the gastrointestinal tract. Of course, use of MSOT can avoid nephrotoxic contrast agents used in conventional imaging modalities such as CT and MRI. However, with the ability to detect multiple fluorophores, MSOT also can allow for particles to be administered orally and intravenously and thus enable simultaneous detection of inflammation, malignancy, and other pathologies. Furthermore, varying particle size, protein or small molecule tags, and biochemical properties (e.g. porosity and pore size, chemical composition, etc.) can allow for tissue specific uptake based on organ or cell type (e.g. tumor cell) \[[@bib0115],[@bib0140]\].

While MSOT accurately tracks particle uptake in the gastrointestinal tract and identifies fluorophore signal, it does not readily distinguish between encapsulated and naked fluorophore. For example, we observe signal of similar intensity in the small bowel at 1 h and the proximal colon at 24 h, but the former is produced by encapsulated fluorophore and the latter could indicate either dye containing nanoparticles or dye only. While this does not ostensibly impact imaging using particle-encapsulated fluorophore, it would become important in tracking fluorophore-tagged particles. In the case of PLA particles in this study, it remains unclear at which point the particles are degraded. Discrete particles are observed in the small bowel, colon, and MLN, but not in the spleen. Degradation could be a factor of particle time in circulation, a function of being in the lymphatic circulation, or both. Indeed, previous studies have demonstrated the lymphatic system's role in metabolizing elements of the intercellular matrix and connective tissues (e.g. hyaluronan). \[[@bib0165]\] Particle-specific studies would be required to determine *in vivo* degradation kinetics, which would in turn impact potential clinical applications.

The findings of this study should be viewed in light of several limitations. All imaging was performed on Balb/c mice, as skin pigment results in signal artifact that prevents high-resolution imaging and would have prevented particle localization. Thus, the present of endogenous skin pigment (e.g. in the case of particularly dark-skin) would limit clinical MSOT utility using a hand-held probe, but would likely not inhibit an endoscopic probe in imaging such patients. Also, MSOT cannot detect non-light absorbing particles, so any clinical application would require incorporation of some absorbing material (e.g. protein conjugated fluorophore, gold) within the nanoparticle. All tissue was fixed in formalin for histology prior to H&E staining. The totality of the processing may have resulted in the loss of some particles in target tissues at each timepoint. Finally, the results presented herein do not necessarily reflect particle content delivery or reflect information regarding the minimum dose of particles that results in detectable MSOT signal in each target organ, but rather, describe the ability to monitor particle travel *in vivo* using MSOT,

Despite these limitations, our findings present a number of opportunities for future investigation. With the recently-developed clinical MSOT apparatus, nanoparticle-tracking studies in the gastrointestinal tract can be replicated in humans to assess the diagnostic utility of MSOT in the clinical setting. Within the last several months, researchers at the University of Erlangen-Nurnberg Medical School demonstrated the ability of MSOT to detect inflammatory changes without exogenous contrast in human subjects. \[[@bib0170]\] Evaluating MSOT's ability to track fluorophore-containing nanoparticles represents a logical extension of this work. In examining various iterations of particles and dyes, we would be able to correlate particle uptake with enterocolonic inflammation as well evaluate tumor-specific uptake in the setting of enterocolonic malignancy. Finally, using fluorophore-tagged nanoparticles, we could use MSOT to actively track theranostic nanoparticles to actively establish pharmacokinetics of contrast and/or drug delivery.

5. Conclusions {#sec0055}
==============

MSOT detects orally administered AF-680 dye encapsulated PLA particles in vivo. These particles demonstrate site-specific uptake in the wall of the small bowel, colon, and mesenteric lymph nodes. MSOT tracking of fluorophore containing particles could improve monitoring of drug delivery and lead to more optimal individualized dosing schedules. Furthermore, with improved specificity, these particles could be further tested in humans in combination with the handheld MSOT to help surgeons identify sites of active disease or malignancy in the operating room.
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